Abstract:
Introduction
Silica gel is a suitable support for modification by different organic compounds. The anchoring of specific organic layers on inorganic supports is a commonly applied method of adsorbents modification [1, 2] . Depending on the organic compound, the surface is able to extract for example ions. One of the anions that strongly affect the natural environment is perchlorate. Due to its common application in the manufacture of fireworks, weapons, airbags or safety flashboards for highway construction, this anion is present in groundwater, surface water and soil [3, 4] . The main danger related to perchlorate ions is their competitive inhibition of iodide uptake by the thyroid gland. It takes effect in reduced production of thyroid hormones that are responsible for numerous processes in the human body [5] .
The most popular technique applied for perchlorate removal is ion exchange. Baidas et al. [6] used quaternary amine modified reed for perchlorate adsorption. Xu et al. [7] modified activated carbon with cetyltrimethyl ammonium (CTMA) chloride. CTMA bromide was also applied by Komarneni et al. [8] for the synthesis of MCM-41 silica as new perchlorate adsorbent. The mesoporous materials functionalized with quaternary ammonium groups were also used for perchlorate removal by Kim et al. [9] and Lee et al. [10] . The immobilization of ammonium salt on silica gel was used by Tundo et al. [11] as well as de Campos et al. [12] . This paper presents the synthesis and characterization, as well as anion exchange properties of three supports 1-3 based on silica gel. We also report the influence of a number of amine groups, which participate in the reaction with substrate providing quaternary ammonium salts, on the exchange properties of perchlorate ions.
Experimental procedure
Amorphous silica, Syloid ® 244 (Grace Davision) was used as the support (composition of about 99.7% SiO 2 ; particle size 2.5-3.7 microns; pore volume 1.6 mL g ). The supports studied (supports 1-3) were prepared following the procedure outlined in Scheme 1. SiO 2 hydration (I) and silanization procedure (II) was previously described for intermediate ). The total chloride content on the supports 1-3 was determined by conductometric titration. The sorbents studied (0.2 g) were added to 50 mL of 0.1 mol L -1 HNO 3 solution (Chempur; Nitric acid 69-70%). The mixture was intensively stirred for 3 h at room temperature (293 K). The filtrated solids were washed several times with water, and the supernatants were used to determine the chloride concentration by titration with 0.01±0.01 mol L -1 AgNO 3 (BDH chemicals) standard solution.
The ability of supports 1-3 for anion exchange was studied by batch experiment. 0.2 g of the sorbent studied was added to 100 mL of anion solution of different concentration (1-10 mmol L -1 ). The mixture was stirred for 3 h and the supernatant was titrated with AgNO 3 solution in order to determine the amounts of exchanged chloride ions.
Additionally the influence of temperature (293-303 K) on the ion exchange ability was tested by batch technique.
For infrared measurements the silicon wafer, penetrable by the infrared beam, was used. The ). The elemental analysis of compounds studied was carried out on a Vario ELIII (Elementar, USA) analyzer. Conductometric titration was performed using Elmetron conductrometer with electrolyte-resistance sensor EPS-2ZM (Eurosensor). Surface morphology of the silica supports was studied by a Carl Zeiss EVO-40 scanning electron microscope, SEM (resolution 3 nm, magnification 1000000x).
All semi-empirical calculations were performed using the Win Mopac 2007 parametric method 5 (PM5) with the MO-G for SCIGRESS program [14] . All initial structures were optimized first by molecular mechanics method (MM2). In all cases full geometry optimization was carried out without any symmetry constraints. All calculation was done on isolated systems in the vacuum conditions.
Anion exchange isotherms were evaluated by batch method. Eq. 1 is the linearlized form to describe data of anion exchange between supports 1-3 and anion solutions. 
Results and discussion
The FTIR spectra of the supports studied were similar, differing only in signal intensities. Fig. 1 presents the spectrum of support 2 and the intermediate products of the synthesis procedure. The product of SiO 2 hydration (spectrum marked as I) took effect in the presence of several absorption peaks: 1124 (siloxane vibrations), 810 (Si-O-Si stretching), 465 cm -1 (Si-O-Si bending). Broad band at 3200-3400 cm -1 was assigned to OH stretching and adsorbed water, while the signal at 1617 cm -1 was assigned to angular vibration of water molecule. As a result of silanization procedure (spectrum marked as II), new signals appeared at 2930 (CH stretching), 1555 (bending vibrations of NH 2 ) and 1475 cm -1 (bending vibrations of CH 2 groups). NH band at 3400-3300 cm -1 was overlapped but the signal is narrower compared to unmodified silica gel. The spectrum of support 2 was characterized by a disappearance of signal from NH 2 groups. The band at 1475 cm -1 was much stronger because of the coincided presence of CH 2 and CH 3 groups. The new band at 1400 cm -1 , that appeared in the final support as an effect of tertiary reagent introduction, corresponds also to CH 3 groups. Additionally, the broadening of band at 3400 cm -1 suggests the presence of quaternary ammonium salts.
In order to describe the morphology of the supports studied, scanning electron microscopy was applied. Exemplary SEM micrographs in different magnifications (2 and 10 µm) presented in Fig. 2 , indicate the presence of particles with size ranging generally from 1 to 5 µm. Both, unmodified and modified silica are represented by the particles with no peculiar shape. The only difference between the product of SiO 2 hydration and the final support is the more packed texture of unmodified silica compared to the one with surface organic layer.
The results of elemental analysis of supports 1-3 are summarized in Table 1 . The column marked as L o a indicates the immobilization of organic layer on inorganic surface (silica gel). It is calculated according to elemental analysis data (C %). The data refer to both intermediate products 1-3 (carrying amine groups) and supports 1-3 (quaternary ammonium salts). The next column (Cl -[mmol g
-1 ]) indicates the limit amount of adsorbed chloride ions on the supports studied, which was determined by conductometric titration. The final column (L o c ) represents PM5 calculations of organic layer content for isolated systems in the vacuum conditions.
The degree of surface functionalization is different and can be ordered as follows: support 1>2>3. Probably, it was caused by more difficult access to secondary amine groups in the intermediate products (2 and 3) . However, the total amount of chloride ions on the supports studied, determined by conductometric titration, increased form 0.56 (support 1) to 0.81 (support 3) mmol g -1 . Therefore, the supports studied are successfully modified with quaternary ammonium salts and characterized by the increased amount of Cl -at the silica surface. The experimental data were expanded by adding semi-empirical results. The PM5 calculations of the average packing density of the molecules studied on the silica surface gave the value of 57.76 Å 2 per support 1, 96.04 Å 2 per support 2 and 182.25 Å 2 per support 3. The quaternary ammonium salt immobilized on silica gel (support 2) is visualized in Fig. 3 . As declared by the manufacturer, it was assumed that the surface of silica was 314 m 2 g -1
. It was found that the experimental results were consistent with theoretical calculations. 
Product of SiO 2 hydration (I)
Support 1 Before isotherm studies, the influence of temperature on anion exchange ability was tested in the range of 293-303 K. Small increase of ion exchange activity was observed as the temperature increased. However, the difference was insignificant, therefore taking into consideration great capital expenditure of temperature increasing for industrial purpose, the room temperature was chosen as the optimum value for batch experiments.
Exchange studies were conducted for a given quantity of supports 1-3 (0.2 g) and increasing concentration of anion aqueous solution (1-10 mmol L -1 ). A linear correlation according to Eq. 1 is possible if only exchanged ions have no influence on the modification of the support structure. Each exchanged ions (ClO 4 -, F -, NO 3 -, CH 3 COO -) are monovalent ones, hence equivalent amounts participate in the exchange process. Therefore, the amount of exchanged anion in the equilibrium state is determined indirectly according to its initial concentration in the aqueous solution and the amount of the exchanged chloride ions.
The initial observation was focused on the decrease of the anion concentration in the solution as a result of exchange process. It was noticed that perchlorate ions are easily exchanged with chloride ones from the supports studied, while concentration of the others decreased as follows:
The difference between perchlorate and fluoride ions decrease was not that significant as in case of the rest of ions. On the other hand, when considering the exchange ability of three supports studied, it was easy to observe that the increase of chloride ions on the sorbent surface took effect on the decrease of anion concentration after the exchanges. In case of lower concentrations of anion aqueous solution, supports 1-3 demonstrated small differences. However, as the concentration increased, the amplified ability of anion exchange was noticeable together with the increase of chloride ions in the support (1<2<3). Fig. 4 illustrates exchange isotherms for perchlorate ions on the supports studied. In case of the highest anion concentration (10 mmol L -1 ), the decrease of perchlorate ions in the solution was a little above 20% for support 1 and almost 50% for support 3. However, the difference between supports 1 and 2 was greater than between sorbent 2 and 3. for the other anions -only about 2-3. The stronger interactions between quaternary ammonium salt and exchanged anion (strictly speaking of the ionic pair), the higher the binding constant is. From this point of view, strong interactions are observed for perchlorate and fluoride ions (counterions). Moreover, K values are higher as the support reference number increases. The second parameter calculated from Eq. 1, the molar fraction, describes how many percent of chloride ions are exchanged, that is how many active sites are occupied by the anions from the aqueous solution if their concentration tends to infinity. Even though, the difference between the binding constants for perchlorate and fluoride anions is not that large, anion exchange is much better for perchlorate ions compared to fluoride ones. In case of support 3, ClO 4 -ions occupy 93% of active sites, while F -ions only 79%. It is rather difficult to compare the results for the supports studied with other materials applied for perchlorate ion removal. However, the supports described can compete with mesoporous materials [9, 10] . These sorbents, based on amorphous silica, are characterized by simple and repetitive synthetic routes as well as high effectiveness. Therefore it is highly probable that the materials can be applied in practice. 
Conclusions
Three solid supports suitable for perchlorate ions exchange have been synthesized. The ability of anion exchange was dependant on the number of active sites in the sorbents studied. Thus the perchlorate exchange increased as the amount of chloride ions (mmol g -1 ) at the functionalized silica surface increased. The experimental data were coherent with semi-empirical studies.
